The insulating liquids used in industrial applications are typically mineral oils. In recent years however, significant attention has been paid to alternative insulating fluids, including synthetic and natural ester liquids. In order to expand their practical applications, it is important to have detailed information on their dielectric properties. In this present paper, the dielectric properties of synthetic ester, Midel 7131; mineral oil, Shell Diala D; and vegetable (rapeseed) oil have been investigated. It has been shown that Midel 7131 has a higher ac breakdown voltage (27.6 kV) as compared with Diala D oil (26.4 kV) and rapeseed oil (24.6 kV). However, the breakdown voltage of the Diala D oil has the smallest standard deviation (7%) amongst the tested liquids (13% for Midel 7131 and 11% for rapeseed oil). Statistical analysis of the breakdown voltages has been conducted and it has been shown that the ac breakdown voltages can be described by a normal distribution. dc I-V characteristics have been measured and the space charge saturation regime has been observed for all three liquids starting from 9 kV for positive energisation and 10 kV for negative energisation in the point-plane topology. Apparent mobilities of the charge carriers in the tested liquids have been obtained using I 1/2 -V curves; these mobilities can be used for calculation of the space charge influenced distribution of the electric field in liquid insulators stressed with dc voltage. Such analysis can be important for design and exploitation of HVDC power systems.
INTRODUCTION
DIELECTRIC liquids are used to provide insulation protection in high-voltage (HV) systems. These liquids also facilitate thermal stability of HV equipment due to their thermo-conduction properties. The insulating liquids typically employed in power systems are naphthenic mineral oils. However, stringent environmental protection regulations encourage operators and manufacturers of HV equipment to use bio-degradable liquids with low toxicity. Reduction of the footprint of modern high-voltage and pulsed-power equipment results in demand for insulating liquids with improved dielectric properties, due to the resultant higher levels of electrical stress. In response to this demand, manufacturers of dielectric liquids are actively investing in the development of new products, such as natural and synthetic esters, for applications in the power and pulsedpower industries. Natural, organic oils and synthetic esters are considered as potential substitutes for traditional naphthenic mineral oils. However, their dielectric properties are not yet fully known, especially in the case of dc energisation. Recent advances and investments in HVDC systems require detailed information about the dielectric behavior of insulating fluids under ac and dc electric stresses [1] . HVDC techniques are suitable for transmission of electrical power over long distances, and with the development of renewable sources this approach has attracted the attention of the power industry for transmission of electrical power generated by offshore wind farms. In HVDC systems, for example in HVDC convertor transformers, the insulation is stressed with both ac and dc voltages. Therefore, it is important to investigate the dielectric properties of insulating liquids, and to understand their behavior under both types of energisation. As indicated in a report by National Grid [1] , "DC transformers cost in the region of £5M per phase and failures have significant outage cost". Also, it is known that the HVDC transformer failure rate exceeds the failure rate of conventional transmissionbased units by 5-10 times [1] .
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Under ac conditions the field distribution is dominated by the permittivity of the dielectric and the conductivity is regarded as only being significant in its contribution to losses in the system. However, the formation of bubbles as a result of Joule heating which is dependent on the conductivity has been proposed as a mechanism for liquid breakdown [2] . In addition, under dc conditions, it has been shown in solid insulation systems that conductivity and the resulting space charge distribution dominates the field distribution rather than the permittivity [3] . For a liquid, due to the higher mobilities of charge carriers, it is likely that the effect of space charge distributions will be more significant. The presence of this space charge implies that field calculations based on solutions to the Laplace equation will be inadequate and approaches based on the Poisson and current continuity equations are required [4] . To perform such analyses of the field distributions, information on the effective mobility of the charge carriers in the liquids is required. At present, measurement of the dc conductivity of oil is not routine, [1] , and it is not possible to derive effective mobilities for the charge carriers from the data sheets provided by manufacturers. Information on the dc dielectric behavior of insulating liquids will potentially influence design of HVDC systems and will help to manage these liquids.
This paper reports experimental data on the dielectric characteristics of three insulating liquids: Diala D; a synthetic ester fluid, Midel 7131 and a food-grade rapeseed oil. The ac breakdown voltage of the dielectric fluids has been measured using a test cell manufactured according to the ASTM D1816-04 standard and the mean breakdown voltage has been calculated. Statistical analysis using the Microsoft Office Excel 2003 and OriginPro v.8.6 software packages has shown that the data is normally distributed allowing calculation of the standard deviation of the breakdown voltage and this has been used to estimate the 1, 10, 50 and 90% breakdown probability for each liquid. This data is relevant to the design of power and pulse power equipment, [5] [6] [7] [8] [9] [10] [11] , as it affects safety-margin design requirements for liquid-insulated, high-voltage equipment. Values of the effective mobility of the charge carriers in the liquids were obtained from pre-breakdown I-V characteristics, measured in a point-plane electrode topology, following the procedure reported in [12] .
AC BREAKDOWN VOLTAGE TESTS

EXPERIMENTAL ARRANGEMENT
AC breakdown voltages of the liquids under investigation were measured in an electrode configuration which satisfies the ASTM D1816-04 standard, [13] . The tests were conducted at atmospheric pressure and room temperature. From the data presented in [14] the expected increase in the breakdown strength of mineral oil is 5% when the ambient pressure is increased from 0 to 1 atm. It is known that temperature affects the conduction and breakdown properties of the insulating liquids, [15, 16] . However, a change in temperature of 20 ºC to 80ºC only resulted in a 7% decrease in the ac breakdown voltage for mineral oil, [17] . From data in [18] changes of ±5ºC about a temperature of 20 ºC leads to a 5% change in measured conductivity. Therefore, it is assumed that the small shifts in ambient temperature and pressure that occurred in the course of the measurements will have had negligible effects on the results obtained.
The oil samples were used "as received" with no pretreatment before measurements. It is known that contaminants and moisture in dielectric fluids affect their breakdown properties, [15] . For example, a 34% decrease in the ac breakdown strength for mineral oil with 43% relative humidity as compared with dry oil has been reported in [19] . Many different pretreatment protocols have been described in the literature aimed at reducing moisture, dissolved gases and contaminants from liquid samples: samples have been degassed and dried but not filtered, [11] ; filtered using a relatively large filter (10-16 m) but not degassed or dried, [20] , or only filtered using a 5 m filter, [21] . The results of dielectric studies in which "as received" insulating fluids were used without any additional filtration, de-gassing or dehumidification are reported in the literature, [22, 23] . In the work reported on aged biodegradable oils, [24] , no details of pre-treatment of the liquids prior to or post-ageing is reported. Given this wide range of possible pre-treatments the authors felt that using the oils as received provided the starting point for assessing the relative properties of the three liquids. This approach has the advantage that the obtained results help to understand the dielectric behavior of commercially-available insulating liquids used in practical engineering applications without additional processing. The results obtained in the present paper are compared with the studies in which pretreated dielectric liquids have been used. Figure 1 show the electrode topology used in the present tests. A pair of spherically-capped, polished, brass electrodes was incorporated into a ceramic container; the electrode profile is shown in Figure 1 . The gap between the two electrodes is 0.5 mm. AC breakdown voltages were measured using a Tektronix TDS220 digital storage oscilloscope and a Tektronix P6015A HV probe. A Foster breakdown test apparatus was used as the power source. This apparatus produces a 50 Hz ac voltage across the test cell, filled with the liquid under test. AC voltage was applied across the electrodes of the test cell with a rate-of-rise of 1 kV/s. 70 breakdown events were registered for each liquid sample. Average breakdown voltages were calculated using breakdown data obtained in three independent tests (fresh samples were used for each test) for each type of liquid.
The samples were kept under vacuum for 1.5 hours at room temperature to remove gas bubbles introduced into the liquid samples during pouring procedure. The electrodes were polished after each series of tests to remove damage produced by breakdowns, and the test cell and electrodes were cleaned with alcohol and then washed with distilled water. The test cell and electrodes were then dried in an oven for 2 hours with 40ºC to remove water prior to the next test.
The relative water content of the liquids used in the present study has been examined using "Omniport 20" moisture in oil probe (E+E Electronik GmbH). This can be converted into an absolute water content using the linear relationship between these two values, [25] . The water solubility values for Diala D (~77 ppm), Midel 7131 (~2600 ppm) and rapeseed (~772 ppm) oils required for this analysis have been taken from papers [26, 27] , and [28] , respectively. The evaluated absolute water content for Diala D is 39 ppm, Midel 7131 is 1352 ppm and for rapeseed oils is 417 ppm. These values are not exact and given here for evaluation purpose only, such high values of the absolute water content can be explained by the fact that the liquid samples were kept in ambient laboratory conditions, [19] . Figure 2 shows ac breakdown voltages for Midel 7131 synthetic ester fluid, Diala D mineral oil and rape-seed oil. Each point in this graph shows the average breakdown voltage of three individual tests. This figure shows that the breakdown voltages for all three liquids display considerable spread. Potential conditioning in the breakdown behavior of liquids (slightly lower breakdown voltages for shots [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] may be observed in Figure 2 , however this conditioning is not well pronounced. Therefore, statistical analysis of breakdown data was conducted using the full data set of 70 data points. Figure 2 shows a dependence of the breakdown voltage, V br , of the three tested fluids on the breakdown number, N, which demonstrates a slight increase in V br with N. This tendency has also been noted in [29] and in [11] for mineral oil and natural ester liquid, and can potentially be explained by removal of gas bubbles and impurities in the liquid and "conditioning" of the electrodes (removal of sharp microasperities on the electrode's surface) by spark discharges. The inter-electrode gap in the ac breakdown study reported in [11] was 1 mm. The authors of [20] observed that the breakdown voltage values "are scattered around a mean value" and noted that in their tests the higher values of the ac breakdown voltage were usually observed at the beginning of the breakdown tests. The inter-electrode gap used in [20] was 2.5 mm. No noticeable conditioning can be observed in the breakdown series for mineral oils and ester fluids presented in paper [20] . However, in [30] the authors reported a pronounced increase in the ac breakdown voltage for the mineral oil which stabilizes after 10 breakdown events. The electrode conditioning effect is discussed in [15] , where it is shown that the breakdown strength of degassed n-hexane in a sub-mm gap increases significantly during the first 50 breakdown events (from 300 to 750 kV/cm), then decreases and stabilizes. Table 1 .
EXPERIMENTAL RESULTS
As can be seen from Table 1 , Midel 7131 has the highest average ac breakdown voltage, 27.6 kV, however the standard deviation is also high, 3.5 kV. Diala D demonstrated the minimum standard deviation, 1.9 kV with an average breakdown voltage of 26.4 kV. The rapeseed oil has the lowest average breakdown voltage, 24.8 kV (~ 6% lower than that of Diala D), however its standard deviation value (11%) is between those for Midel 7131 (13%) and Diala D (7%). These values are close to the standard deviation values obtained in [11] for mineral oil (Nytro 10 GB, 9.5%), synthetic ester (Midel 7131, 13%) and natural ester (FR3, 13%). The liquids used in [11] were cleaned (filtered, dehydrated and de-gassed) before the tests. These data show that the insulating liquids "as received" have similar spread in their breakdown voltages as compared with the cleaned insulating liquids, and the ac breakdown voltages of the food-grade rapeseed oil are close to the ac breakdown voltages of the commercially-available insulating liquids. Therefore, such natural ester fluids can potentially be used in some practical applications which require an inexpensive, environmentallyfriendly liquid dielectric, with good breakdown stability.
Although the particle content in the tested fluids have not been examined, it is interesting to note that impurities in dielectric liquids can not only decrease, but in some cases increase their dielectric strength. For example, paper [31] reported on the ac and impulsive breakdown voltages of the pure, commercially available transformer oil, Univolt-60 (oil A), and the same oil doped with 0.3% anthracene (oil B). This paper shows that the dielectric strength of oil B can be higher or lower than that of oil A, depending on the inter-electrode distance and the field nonuniformity factor (the ratio between the maximum and average fields in the gap). The authors concluded that anthracene "inhibits the 60 Hz breakdown initiation process in quasi-uniform fields" and "increases ability of streamers to propagate across the gap" in the case of highly divergent electric fields, [31] . An apparent increase in the dielectric breakdown strength of the insulating oils seeded with magnetite nano-particles particles has been reported in number of papers, [32] [33] [34] . However, the detailed discussion of this interesting effect and its potential practical applications is beyond the scope of the present paper.
The statistical analysis of the ac breakdown results (70 average breakdown voltages for each liquid) performed in the present paper is based the normal distribution. It has been shown that this type of distribution can be used in the analysis of the ac breakdown voltages of mineral oils, natural and synthetic esters, [11, 20] . If the data are distributed normally, the standard deviations for each of these three liquids can be established. Reliable standard deviation in breakdown voltage is important for comparison of the dielectric performance of insulating liquids; it is desirable to use a liquid with minimum spread in its breakdown voltage. This will provide a higher degree of predictability in the dielectric performance, which can affect the design and maintenance of the high-voltage systems. The mean and standard deviation values obtained for the normally-distributed breakdown voltages can be used in the design of power systems for prediction of the dielectric performance of insulating liquids. The mean voltage, U 50% and the withstand voltage, U 1% are used in the insulation design of high-voltage equipment, [30, 35] .
In order to determine the distribution of the breakdown voltage for each liquid, the Kolmogorov-Smirnov test of normality was used and p-values were calculated (the significance level was set to 0.05). If the p-value is higher than this level, the hypothesis that the breakdown voltage values can be described by the normal distribution is accepted. Table 2 shows the results of the normality test. As can be seen from Table 2 , all three populations of the breakdown voltages for Midel 7131, Diala D and rapeseed oil potentially belong to the normal distribution. Figures 4-6 show cumulative probability plots of the breakdown voltages of these liquids, and the data predicted by the normal distribution (solid reference lines). These figure show that the experimental breakdown data (open circles) deviate from the predicted cumulative distribution functions (solid straight lines in these figures) for probabilities below 10% and above 90%. The experimental data show that the actual breakdown voltage is lower than the voltage predicted by the cumulative normal distribution. This information can be important for manufacturers of power systems, and should be taken into account in the design of such systems.
The predicted breakdown voltages with probabilities of 1%, 10%, 50% and 90%,V 1% , V 10% , V 50% and V 90% , have been calculated assuming that the data are distributed normally, and these voltage are given in Table 3 . V 1% , V 10% , V 50% and V 90% voltages can be compared with the actual breakdown voltages in order to evaluate the risk levels associated with insulation design based on statistical analysis. 
DC PRE-BREAKDOWN CURRENT
EXPERIMENTAL ARRANGEMENT
As it was discussed in the Introduction, the dc conductivity is important parameter which can influence design of the HVDC systems and management of the insulating liquids stressed with dc voltage. Also, the mobility of charge carriers in the insulating fluids will affect the electric field distribution in the high voltage equipment. In the present work, I-V curves were obtained for Midel 7131, Diala D and rapeseed oil in a point-plane electrode topology. The mobility of the charge carriers has been obtained and  I(V) curves are used for identification of different conductivity regimes which will influence the space charge distribution between the electrodes. The gap between the electrodes was 5 mm, and the radius of the needle tip was ~14 µm. Both positive and negative dc voltages were applied to the point electrode. The conduction current in the oil samples was measured using a custom-built, current-sensing amplifier, with a 1 kΩ current-viewing resistor. The voltage output from the amplifier was monitored using a Tektronix TDS2024 digital storage oscilloscope, and the applied voltage was monitored using a TESTEC HVP-40 HV probe.
TEST PROTOCOL
The point-plane electrode topology described in Section 3.1 was stressed with dc voltage; the voltage was increased from 0 to the maximum value that could be applied without inducing breakdown (positive: +18 kV; negative: −30 kV) in 1 kV steps. The conduction current values were recorded for each voltage step. Three independent current tests were conducted per fluid, using a fresh liquid sample for each test. As in the case of ac breakdown tests, the test cell and electrodes were cleaned with alcohol, washed with distilled water, and dried in an oven after each set of three measurements.
RESULTS: MOBILITY OF CHARGE CARRIERS
Figures 7-8 show the square root of the conduction current for all three liquids for negative and positive energisation. The results show that at low voltages the square root of current behaves non-linearly; however with an increase in voltage  I(V) becomes a linear function, [36] . This linear behavior indicates the space-charge saturation regime. The constant apparent mobility of the charge carriers, µ, can be calculated using the  I(V) curve.
The basis of this calculation method has been described in [36] . The straight lines in Figures 7-8 were added to indicate the space charge saturation range. In the region where the square root of current has a linear relation with the applied voltage, the mobility, µ, can be calculated using the following equations: y=Bx+A,
where I is current, V is applied voltage,  0 is permittivity of free space, and is relative permittivity of the insulating liquid, d in the gap distance between the point high voltage electrode and the grounded plane electrode.
The relative permittivities of the liquids are required in order to calculate the mobility, these values have been taken from [37] and they are:
2.5 for rapeseed oil; 2.8 for Diala D oil; 3.2 for Midel 7131 liquid. The coefficient B and mobility, µ, for each liquid are given in Table 4 . The calculation results show that the apparent mobility of the charge carriers in Midel 7131 and Diala D liquids are slightly different as compared with the values given in [37] . For negative energisation, the apparent mobility of the charge carriers in Midel 7131 is slightly higher than the previously reported value (2.21×10 -3 cm 2 V -1 s -1 ). The apparent mobility of the charge carriers in Diala D oil is lower than the previously obtained value (3.44×10 -3 cm 2 V -1 s -1 ), [37] . Rapeseed oil has the lowest value of apparent mobility of the tested liquids.
For positive energization, the apparent mobility of the charge carriers in Diala D has the highest value, 1.6×10 -3 cm 2 V -1 s -1 . The apparent charge mobility in the rapeseed oil is slightly lower than Diala D, 1.4×10 -3 cm 2 V -1 s -1 . The apparent mobility of the charge carriers in Midel 7131 is the lowest in this study. Different factors including pressure, temperature, and liquid kinematic parameters affect the apparent mobility of the charge carriers.
It is known that the electric field induces electrohydrodynamic (EHD) motion in the liquid, which also makes a contribution to the apparent mobility. A simple evaluation of the EHD mobility can be done by equating the kinetic energy of the moving liquid to the electrostatic energy in the liquid, [38] , thus the EHD mobility is the square-root of the relative permittivity of the liquid divided by its density. The EHD motilities evaluated for the three liquids used in the present work are similar in value (1.71×10 - Table 4 . Therefore, other factors such as an increase in the liquid velocity in non-uniform fields contribute to the apparent mobilities obtained from the  I(V) curves, which are similar to the results obtained in [36] . The results presented in Figures 7-8 can be used for the identification of different conduction regimes in the insulating liquids. In low voltages (low electric field), the conduction can be characterized by the Ohmic current (resistive regime region). In this case, the electric field is governed by the Laplace equation and can be obtained using a standard electrostatic solver. With an increase in the applied voltage (higher electric field), the space charge saturation regime can be achieved. In this region, under high-voltage stress, the current reaches its space-charge saturation limit, [36] , [37] , which is described by Equations 1 and 2. In this case a standard electrostatic solver is inadequate and the Poisson equation should be used in order to obtain an accurate electric field distribution in the dielectric liquid.
CONCLUSIONS
The ac breakdown voltages of Midel 7131 liquid, Diala D mineral oil and natural vegetable oil have been obtained using the ASTM D1816-04 standard test geometry and short interelectrode gap, 0.5 mm. The fresh liquids used in the present study were tested "as received", and no special measures were taken in order to clean or remove water from these liquids.
Midel 7131 (synthetic ester) has a higher ac breakdown voltage as compared with Diala D mineral oil and rapeseed oil. The breakdown voltage of the Diala D oil has the smallest standard deviation (7%) amongst the tested liquids (13% for Midel 7131 and 11% for rapeseed oil). These results -the higher ac breakdown voltage of Midel 7131 than for the mineral oil, and the high standard deviation in the breakdown voltage for Midel 7131 than that for the mineral oil -are similar to the results obtained for degassed and dehydrated liquids in [11] . The breakdown ac electric field values obtained for the synthetic ester (Midel 7131) and mineral oil (Diala D) in the present study (552 kV/cm and 496 kV/cm respectively) are slightly higher that the breakdown field values obtained in [11] for Midel 7131 (470 kV/cm) and the mineral oil, Nytro 10GN (390 kV/cm). This can be explained by the shorter inter-electrode distance used in the present work (0.5 mm) as compared with 1 mm distance in [11] . It is known that the breakdown field is a non-linear function of the inter-electrode gap, and higher breakdown field can be achieved in shorter gaps stressed with impulsive and ac voltages (this can potentially be explained by smaller number of impurities in shorter gaps). Previous work, [39] , reports E br 1/d 0.25 dependency of the breakdown strength, E br , on the short, sub-mm, inter-electrode gap distance, d, for n-hexane stressed with impulsive voltage. Using this dependency, the breakdown field for the Midel 7131 obtained in the present paper for 0.5 mm can be extrapolated into 1 mm gap, and this extrapolated value of 464 kV/cm is very close to 470 kV/cm obtained in [11] . Another study, [40] , shows that the breakdown voltage is a non-linear function of the distance for 50 Hz ac energisation, which means that the breakdown field decreases with an increase in the inter-electrode distance. It is shown in [15] that the breakdown voltage increases nonlinearly with the inter-electrode gap spacing for sub-mm distances.
The food-grade rapeseed oil (natural ester) used in the present work has the lowest average breakdown voltage and the standard deviation which is between those for synthetic ester and mineral oil, 24.82.7 kV. However, the breakdown voltage level is only 6% lower than the breakdown voltage of the mineral oil tested in the present work. The breakdown voltage of the rapeseed oil decreases with its relative humidity. The authors of [35] reported a 25% decrease in the ac breakdown voltage for rapeseed oil which was in contact with ambient air for 10 days as compared with dry rapeseed oil. The authors concluded that in order to use the rapeseed oil as industrial insulating fluid, this oil should be dried and isolated from air in order to minimize moisture uptake, [11] . Reference [41] shows that natural ester with a relative water content of 50% has ac breakdown voltage more than two times lower that the dry ester liquid. The breakdown field values reported in [42] , 214-226 kV/cm for dry oil and 169 kV/cm for oil which was in contact with ambient air, are relatively low. The same research group reported breakdown strength of 325 kV/cm for the rapeseed oil in [22] . The authors of [11] reported a higher breakdown field for the natural ester fluid, FR3 (410 kV/cm), than the breakdown field for the mineral oil, Nytro 10 GBN (390 kV/cm), which demonstrates that potentially, the breakdown voltage of the natural ester fluid can be as high the breakdown voltage of the synthetic ester (see also [20] ). The breakdown field for the rapeseed oil found in the present paper is higher than those reported in [22] and [42] , which can potentially be attributed (amongst other possible factors which are not considered here) to the shorter inter-electrode gap of 0.5 mm used in the present study, as compared with 2 mm in [22] and 2.5 mm in [42] . Again, assuming that the E br 1/d 0.25 dependency is valid, the extrapolation of the rapeseed oil breakdown field obtained in the present work for 0.5 mm gap (496 kV/cm) into 1 mm gap gives a value of 416 kV/cm which is very close to the breakdown field reported in [11] for the natural ester fluid, 410 kV/cm. Reference [43] also demonstrates that the ac breakdown strength of insulating liquids including food-grade vegetable oil reduces substantially (by more than two times) with an increase in the gap from 0.3 to 3.0 mm.
Statistical analyses of the obtained breakdown voltages show that these voltages can be described by the normal distribution for all three liquids. The actual breakdown voltages demonstrate noticeable deviation from the perfect normal distribution for voltages below V 10% and for voltages above V 90% . These results can be important for design and management of the high-voltage systems.
I-V characteristics for Midel 7131, Diala D and natural vegetable oil have been measured using both negative and positive high-voltage dc energisation. The electrode system used in these tests was a point-plane topology. The obtained I-V characteristics were used to determine the apparent mobility of the charge carriers in these liquids. The apparent mobilities obtained in the present work for Midel 7131 and Diala D liquids are similar to the values reported in [37] . The apparent mobility of the charge carriers in the rapeseed oil is also similar to the mobility values of charges in the mineral oil and Midel 7131 ester fluid (the difference is up to 20%). The  I(V) curves show that the space charge saturation regime is observed for all three liquids starting from 9 kV for positive energisation and 10 kV for negative energisation. These voltage levels indicate the threshold in the dc electric stress above which the Laplacian equation is not valid and the Poisson equation should be solved in order to obtain the accurate values of the electric field in the insulating liquids.
